Background: The low-phosphate-tolerant maize mutant Qi319-96 was obtained from Qi319 through cellular engineering. To elucidate the molecular mechanisms underlying the low-phosphate tolerance of this mutant, we performed comparative proteome analyses of the leaves of Qi319-96 and Qi319 under inorganic phosphate (Pi)-sufficient and Pi-deficient conditions.
Background
Phosphorus is a vital plant macronutrient, functioning as a component in essential biomolecules such as phospholipids and ATP. Inorganic phosphate (Pi) plays central roles in virtually all of the major metabolic processes in plants, particularly photosynthesis [1, 2] . To further increase crop yields will require improving photosynthesis [3] . Thus, the efficient use of phosphorus during photosynthesis is a potentially important determinant of crop growth and yield.
Plants have evolved a series of strategies to cope with inadequate phosphate conditions while maintaining a proper balance of internal phosphorus levels [4] . These adjustments include (1) reducing phosphorus consumption by the plant [5] , (2) increasing plant internal phosphorus recycling [6] , and (3) improving phosphorus use in metabolic pathways [7] .
Physiological and molecular adaptations that improve the phosphorus use efficiency include accelerated leaf senescence combined with the redirection of resources to growing tissues, as well as changes to metabolic pathways, such as primary carbon metabolism and phospholipid metabolism [8] . The release of phosphorus from membrane phospholipids by lipid remodeling is an important mechanism used by plants to adapt to lowphosphate conditions [9] [10] [11] . Sulfoquinovosyl diglyceride (SQDG) is a non-phosphorus lipid associated with several protein complexes in photosynthetic membranes, such as chloroplasts CF 0 -CF 1 of ATPase, light harvesting complex II-apoproteins, and D1/D2 heterodimers [12] . The glycerophosphodiester-mediated lipid metabolic pathway may be involved in phosphorus release from phospholipids under low-phosphate stress. Sulfolipids and galactolipids, rather than phospholipids, are the major lipids of the thylakoid membrane in plants subjected to phosphate-deficiency stress. Under these conditions, plants can replace the phospholipids in photosynthetic membranes with specific non-phosphorus lipids [13] . These changes prolong and enhance the productive use of phosphorus during photosynthesis. Starch accumulation in the shoots is another common reaction of all plants to long-term phosphate deficiency [2] . One of the effects associated with starch accumulation is the release of phosphorus from chloroplasts to the cytoplasm for phosphorus recycling [14] . The accumulation of starch in phosphatedeficient leaves may help maintain the phosphorus balance between the cytoplasm and chloroplasts [15] .
Increasing phosphorus recycling and phosphorus release from the vacuole may increase the phosphorus use efficiency. The vacuole is an important organelle involved in maintaining cytoplasmic phosphorus homeostasis [14, 16] . Excess cellular phosphorus in the cytoplasm is stored in the vacuole and is used to buffer the phosphorus demands of the cytoplasm [7] . The influx of phosphorus into the vacuole moderates phosphorus fluctuations by controlling the external intake of phosphorus and influencing cell metabolism. Under phosphorus deficiency, the V-ATPase gene may improve the proton transport to maintain an electrochemical gradient across the tonoplast by increasing its expression level, thereby providing the required energy to facilitate phosphorus transport [17] .
Previously, we obtained the low-phosphate-tolerant mutant Qi319-96 from Qi319 using cellular engineering, therefore, they have a common genetic background. A comparison of the low-phosphate responses in these two maize genotypes indicated that low-phosphate tolerance is greater in the Qi319-96 genotype than in Qi319. The light energy conversion efficiency and Pi contents are higher in Qi319-96 than in Qi319 under low-phosphate conditions [18] . We previously performed a systematic proteome analysis of Qi319 maize leaves in response to phosphate starvation, finding that the phosphate starvation response is a complicated process involving several metabolic reactions, such as photosynthesis, carbohydrate metabolism, energy metabolism, secondary metabolism, signal transduction, and protein synthesis. After being subjected to a long period of phosphorus stress, the internal phosphorus use efficiency in Qi319 maize may increase through altered photorespiration and lipid composition, along with increased starch synthesis [19] . To elucidate the molecular mechanisms of the different tolerance levels to low-P conditions between Qi319-96 and Qi319, a comparative proteome analysis should be performed.
In this study, we performed comparative proteome analyses of leaves from mutant Qi319-96 and wild-type Qi319 plants treated with 1000 μM (+P, Pi-sufficient) and 5 μM (-P, Pi-deficient) KH 2 PO 4 over a long time period. The objectives of this study were (i) to determine the reasons behind the differences in leaf Pi levels between the two genotypes; (ii) to investigate the mechanism behind the high photosynthetic efficiency levels in Qi319-96; and (iii) to provide information for further research into the functions of genes involved in phosphate-stress responses.
Results
Differential growth and physiological responses to phosphate deprivation between Qi319 and Qi319-96
After treatment with 5 μmol KH 2 PO 4 for 25 days, Qi319 and Qi319-96 maize plants grew to the six-to seven-leaf stage but exhibited apparent phosphorus deficiency symptoms, such as reduced overall phosphorus contents, marked changes in biomass (Table 1) , heliotropecolored stems, and restricted growth (Fig. 1) .
The phosphorus contents, and root and shoot biomasses, were not significantly different between Qi319-96 and Qi319 under the sufficient phosphate (+P) treatment. However, the root biomasses were significantly higher in Qi319-96 than in Qi319 after phosphorus stress treatments. The phosphorus content in roots was significantly higher in Qi319-96 than in Qi319, while the overall phosphorus content of the shoots did not significantly differ between genotypes (Table 1) . However, the Pi levels of Qi319-96 and Qi319 decreased by 28.41 % and 43.77 %, respectively, after the phosphorus deficiency treatment, but the Pi content in shoots was still 52.95 % higher in Qi319-96 than in Qi319 (Table 1) .
Low-phosphate stress limits plant photosynthesis (Table 2) . Under phosphate-deficiency conditions, the net photosynthesis rate (Pn) decreased by 49.88 % in Qi319 and 41.33 % in Qi319-96. Under low-phosphate stress, the Pn of Qi319-96 was 26.81 % higher than that of Qi319. Phosphate deficiency also reduced the stomatal limitation value (Ls). The Ls values of the two genotypes, when subjected to the sufficient phosphorus treatment, were not significantly different, but the intercellular CO 2 concentration (Ci) increased in both genotypes after low-phosphate stress ( Table 2 ). The chlorophyll content in leaves was 50.00 % higher in Qi319-96 than in Qi319 (Table 3) , indicating that photo-absorption by the chloroplasts was better in Qi319-96 under low-phosphate conditions.
The sucrose contents in the leaves significantly declined under low-phosphate stress, but the starch contents were still higher than the contents detected under phosphate-sufficient conditions ( Table 3 ). The sucrose contents in the leaves were higher in Qi319-96 than in Qi319. More of the photosynthetic products were used for sucrose biosynthesis in Qi319-96 than in Qi319. These data indicated that the distribution of the photosynthetic carbon metabolism between sucrose and starch was altered in both genotypes under lowphosphate conditions. Thus, the low-phosphate-tolerant mutant Qi319-96 had a higher photosynthetic CO 2 fixation rate and plant biomass compared with wild-type Qi319. Although the phosphorus level in shoots did not differ between genotypes, Qi319-96 had significantly higher levels of Pi than Qi319.
Differential analysis of leaf protein profiles
We performed comparative proteomic studies of Qi319 and Qi319-96 maize leaves subjected to two different phosphate levels using immobilized pH gradient (IPG) strips (pH 5-8), with three biological replicates. The number of protein spots detected in the gels and the proteins that differentially accumulated in the two genotypes are summarized in Table 4 . Approximately 680 spots were detected under the phosphate saturation treatment. Of these, 29 (4.26 %) spots differentially (Fig. 2c, d ).
Identification and classification of phosphate-stressresponsive proteins
We identified the proteins that were differentially expressed after the two phosphate treatments using matrix-assisted laser desorption/ionization tandem timeof-flight mass spectrometry (MALDI-TOF MS) to gain a better understanding of the mechanisms involved in phosphorus stress and the differences in phosphorus tolerance between Qi319-96 and Qi319 maize plants. In total, 100 proteins were identified using the NCBI databases ( (Table 5 ). To confirm the results produced by peptide mass finger printing (PMF), eight randomly selected spots from among these proteins were subjected to MALDI-TOF-TOF MS analysis. The results for all eight were consistent with the PMF results (Additional file 3 and Additional file 4), which confirmed their reliability.
Differentially accumulated proteins and their effects on photosynthesis in the low-phosphate-tolerant mutant and wild-type maize
The levels of several proteins that participate in photosynthesis were significantly different between the two genotypes under the two phosphate treatments. Under low phosphate conditions, the levels of RuBisCO (N3, N4, N5, N6, N7, N8, N9, N11, N12 and N14), NADP-malic enzyme (NADP-ME; N32 (Fig. 3 ), N35 and N36), pyruvate orthophosphate dikinase (PPDK; N38 and N39 (Fig. 3) ), delta-aminolevulinic acid dehydratase (N43, Fig. 3 ), sucrose-phosphatase (N21), cytoplasm-phosphoglucomutase (PGM; N23 and N37), fructose-bisphosphate (FBP) aldolase (N26, N27, N28 and N29 (Fig. 3) ), NADP-glyceraldehyde-3-phosphate dehydrogenase (NADP-GP3DH; N34), NADPH dihydroethidium (N19), plastoquinone-dehydrogenase (NADPH dehydrogenase; N55), and chlorophyll a/b binding protein (N15, N16 and N17) increased significantly compared with Qi319. To verify these differences, we performed several physiological and biochemical experiments. The RuBisCO, PGM, FBP aldolase, NADP-ME and PPDK activities were also higher in Qi319-96 than in Qi319 under low phosphate stress (Table 6) , which was consistent with the two-dimensional gel electrophoresis (2-DE) results. FBP aldolase catalyzes the reaction between fructose-1,6-diphosphate and sedoheptulose-1,7-diphosphate during ribulose-1,5-bisphosphate (RuBP) regeneration. NADP-malic enzyme and PPDK play important roles in CO 2 fixation in bundle sheath cells. The chlorophyll content in leaves from Qi319-96 was higher than from Qi319 by 50 % (Table 3) , which may be related to the significant increase in delta-aminolevulinic acid dehydratase expression. Furthermore, the photosynthetic rate was 26.81 % higher in Qi319-96 than in Qi319 ( Table 2 ). The proteome and physiological data showed that Qi319-96 has a higher photosynthetic rate due to its higher chlorophyll content, and the higher expression levels and activities of Calvin cycle and "CO 2 pump" enzymes during phosphate stress.
Differentially accumulated proteins are involved in energy metabolism between the low-phosphate-tolerant mutant and wild-type maize
The levels of several proteins that participate in energy metabolism were significantly different between the two genotypes under the two phosphorus treatments. These proteins are involved in the tricarboxylic acid (TCA) cycle, the pentose phosphate pathway and glycolysis (EMP). Under the phosphorus deficiency treatment, NADP-non-phosphorylated glyceraldehyde-3-phosphate dehydrogenase (NADP-non-GAPDH; N1 and N2) accumulated, which may have allowed EMP to proceed smoothly under very low phosphate conditions [20] . Increases in the levels of aconitase (N33) and the pyruvate dehydrogenase complex (N48 and N49) in Qi319-96 Fig. 2 d: "Increase" indicates significance at P < 0.05 and an increase in amount of at least 1.5-fold on the Qi319-96 gel under + P or -P conditions; "decrease"indicates significance at P < 0.05 and a decrease in amount of at least 1.5-fold on the Qi319-96 gel under + P or -P conditions compared withQi319 e: Specificity indicates the ratio of accumulation of a particular protein in leavesbetween Qi319-96 + P and Qi319-96 -P f: Specificity indicates the ratio of accumulation of a particular protein in leavesbetween Qi319 + P and Qi319 -P may accelerate ATP synthesis through the TCA cycle in this line compared with in Qi319. The physiological data showed that the amount of ATP in maize leaves was 78.28 % higher in Qi319-96 than in Qi319 under low phosphate stress (Table 7) .
Differentially accumulated proteins associated with increased phosphorus utilization between the lowphosphate-tolerant mutant and wild-type maize
Under low phosphate stress, the level of uridine-5'-diphospho-sulfoquinovose (UDP-SQ) synthase (N18, Fig. 3 ) increased significantly in Qi319-96 leaves compared with in Qi319 leaves. UDP-SQ synthase may increase the production of UDP-SQ, leading to an increase in available SQ, which is then used to produce SQDG. The increase in UDP-SQ synthase in Qi319-96 suggests that Qi319-96 may produce more SQDG than Qi319 under low phosphate stress. The accumulation of SQDG in the photo-membrane may displace phosphatidylglycerols (PG), which would accelerate the transformation of organic phosphorus and the utilization of internal phosphorus. The SQDG contents were 19.55 % higher in Qi319-96 than in Qi319, which is consistent with the UDP-SQ expression patterns for Qi319-96 and Qi319 (Table 7) . V-ATPase levels were not significantly different between Qi319-96 and Qi319 under the high phosphate treatment. However, under the low phosphate treatment, the increase in V-ATPase (N50, Fig. 3 ) levels was greater in Qi319-96 than in Qi319, suggesting that Qi319-96 might release phosphorus from the vacuole to increase the metabolic reaction rate in the cell, which would mitigate the symptoms caused by low phosphorus stress. The V-ATPase activity in the leaves was 23.33 % higher in Qi319-96 than in Qi319, which is consistent with the 2-DE results (Table 7) .
Other differentially accumulated proteins between the low-phosphate-tolerant mutant and wild-type maize
The abundance of some proteins, including molecular chaperones (M14, M15, M27, N22, N25 and N56), resistance-related proteins (M6, N13, N40 and N57), and proteins involved in protein synthesis (M18, N42 and N52), signal transduction (M7, N24 and N59), and secondary metabolism (N30, N46 and N64), were significantly different between Qi319-96 and Qi319 under different phosphate levels. Several proteins involved in protein folding and assembly, protein synthesis and mediating signal transduction accumulated differently between the two genotypes under different phosphate levels.
Discussion
In this study, we applied comparative proteomics to gain insights into the phosphate-stress tolerance of Qi319-96 compared with Qi319. Compared with Qi319, the To counteract the detrimental effects of phosphate stress, higher plants have evolved a series of mechanisms for maintaining internal phosphorus levels. An important adaptive strategy used by plants subjected to low phosphate conditions is to increase the internal phosphorus utilization efficiency by remodeling the lipid membrane [9] . One-third of the total organophosphate contents in plants is present as phospholipids. When plants are subjected to low phosphate stress, membrane phospholipids are replaced by non-phosphorus glycerolipids, which promotes the mobilization of organophosphates [10] . SQDG and PG are thought to be involved in maintaining phosphorus levels in the thylakoid membrane, and their contents are known to be regulated by the phosphorus level [21] . Under the low phosphate treatment, the expression of UDP-SQ synthase increased in Qi319-96 (compared with Qi319) to supply SQ polar groups for SQDG biosynthesis. Indeed, the physiological data showed that the SQDG content was higher in Qi319-96 than in Qi319 under phosphate deprivation, indicating that SQDG accumulates in the photomembrane, which could then be used to supplement PG levels. These changes may accelerate organophosphate conversion and increase available phosphorus recycling during periods of low phosphate stress. There is a great interest in the ability of Qi319 to increase internal phosphorus utilization through lipid remodeling [19] . Compared with wild-type Qi319, Qi319-96 exhibited an increase in UDP-SQ expression in response to low phosphate stress, suggesting that UDP-SQ synthase plays a crucial role in maintaining an internal Pi balance in this maize mutant.
Phosphorus in the vacuole acts as a cushion under fluctuating external and internal phosphorus levels. Phosphorus may move from the vacuole to the cytoplasm and chloroplasts, thereby participating in metabolic reactions during phosphate stress [7] . Therefore, the vacuole plays a key role in maintaining cytoplasmic phosphorus homeostasis [22] . Phosphorus movement across the membrane depends on an electrochemical H + -gradient across the membrane, which is maintained by V-ATPase [2] . V-ATPase is more highly accumulated in Qi319-96 than in Qi319 during phosphate stress. The mutant may utilize the additional V-ATPase to intensify vacuolar-membrane proton transport, forming an electrochemical gradient across the membrane, and thus, increasing the energy supply for phosphorus transport across the membrane. This would significantly improve the tolerance of Qi319-96 to low phosphate stress.
Qi319-96 plants exhibited much better lipid composition remodeling and higher V-ATPase expression and activity levels than Qi319 plants, which could facilitate phosphorus utilization during periods of phosphate stress. Furthermore, these changes could be responsible for the increased Pi levels in Qi319-96 leaves compared with in Qi319 leaves. Phosphate deprivation has an adverse effect on plant photosynthesis [23] . The decline in photosynthetic efficiency in maize leaves under low phosphate stress is related to the reduced levels of proteins involved in CO 2 enrichment, the Calvin cycle and the electron transport system. The reduced abundance of these proteins correlates well with the rates of photochemical reactions, CO 2 assimilation, the Calvin cycle and RuBP regeneration [19] . Several enzymes that play key roles in photosynthesis, such as RuBisCO and 3-phosphoglyceric phosphokinase, are involved in plant responses to low phosphate conditions [24] . RuBisCO plays an important role in carbon fixation during the Calvin cycle [25] . Reduced RuBisCO activity is one of the non-stomatal factors that leads to a substantial decline in photosynthesis [26] . In the current study, RuBisCO was more highly expressed in Qi319-96 than in Qi319, and RuBisCO carboxylase activity was significantly higher in Qi319-96 than in Qi319, which may be related to the increased rate of photosynthesis in Qi319-96. A reduction in RuBP regeneration has a considerable impact on photosynthesis. The rate of photosynthesis may decrease if RuBP regeneration declines [26] . Reductions in RuBP regeneration may be due to reduced ATP levels when plants are subjected to low phosphate conditions. Reduced ATP levels inhibit the reduction of 3-phosphoglycerate to triose phosphate through 3-phosphoglyceric phosphokinase, and they also inhibit the phosphorylation of ribulose-5-phosphate to RuBP through phosphoribulokinase [27, 28] . The increased accumulation of ATP in the leaves of Qi319-96 compared with Qi319 under low phosphate stress may be beneficial for RuBP regeneration. In addition, the reduced RuBP regeneration may be due to the reduced initial activities of several enzymes, such as NADP-GAPDH and FBP aldolase. RuBP regeneration is also affected by the increased amount of photosynthetic carbon that is diverted to starch formation and away from RuBP regeneration (RuBP is only found in chloroplasts) [29] . The higher level and activity of FBP aldolase in the chloroplasts of Qi319-96 versus Qi319 under phosphorus deprivation conditions may have led to a greater regeneration of RuBP in Qi319-96 compared with in Qi319.
Maize is a C4 plant with "CO 2 pumps" that have a "floral hoop structure". The "CO 2 pump" mechanism in C4 plants increases the level of CO 2 around RuBisCO, which may increase the carboxylation reaction rate and reduce the alternative fixation of O 2 . C4 photosynthesis is more efficient than C3 photosynthesis under low atmospheric CO 2 conditions, which suggests that the "CO 2 pump" is an important mechanism that leads to an increase in photosynthesis [30] . The accumulation and activity levels of NADP-ME and PPDK were higher in Qi319-96 than in Qi319 under phosphate deprivation conditions, which favored a greater capture rate and level of CO 2 in vascular bundle sheath cells. Higher CO 2 levels not only increase RuBisCO carboxylase activity, but they also suppress the oxidation of RuBisCO and reduce photorespiration. The higher CO 2 level in Qi319-96 helped the plants increase carbon assimilation and counteract phosphate deprivation.
In conclusion, Qi319-96 had a higher rate of photosynthesis than Qi319 under low phosphate conditions, which could be attributed to its higher chlorophyll content and increased levels/activities of photosynthesis-related enzymes, such as RuBisCO, PPDK and NADP-ME.
Conclusions
Qi319-96 had a significantly higher level of Pi than Qi319 under low-phosphate stress, which may be related to Qi319-96's remodeled membrane lipids and the increase in V-ATPase activity, which releases phosphorus from plant organophosphorus to the cytoplasm. A physiological analysis showed that the carbon assimilation rate of Qi319-96 was significantly higher than that of Qi319 under low-phosphate stress, which may be owing to the increased accumulation of several photosynthesis-related in the mutant Qi319-96 compared with wild-type Qi319. Our results clearly indicated that the differences in increasing the internal P-use efficiency are the main reasons for the higher tolerance to low-P conditions in the mutant compared with the wild-type. At the same time, this study suggests that the inbred lines of maize with low-P tolerant traits could be obtained effectively through cellular engineering.
Methods

Plant growth and treatments
Maize mutant Qi319-96 with a low-P tolerance was obtained using cellular engineering technology. The immature embryo of maize inbred line Qi-319 were transferred to inducing medium to produce calli. Embryogenic calli were subcultured on subculture medium for 6 months, and then screened continuously on selecting medium without phosphate. After selection for 5 generations, we transferred the survival embryogenic calli to differentiation medium for the regeneration of plantlets (R 0 ). The survival plants (R 0 ) were transplanted to the field, and self-pollinated to harvest seeds (R 1 ). Low-P tolerant R 1 plants and their inbred progeny were selected by low phosphorus stress. After six generations, low-P tolerant inbred lines, including Qi319-96, were obtained [31, 32] . Seeds of the maize inbred line Qi319 and mutant Qi319-96 were sterilized with ethanol and HgCl 2 , and germinated in the dark at 28°C. Three-day-old seedlings were grown in nutrient solution (+P, Pi-sufficient, 1,000 μM KH 2 PO 4 ) for 15 days (to the three-leaf stage). Half of the seedlings were then cultured in low-phosphate nutrient solution (-P, Pi-deficient, 5 μM MKH 2 PO 4 ). For the lowphosphate treatment, the 1,000 μM KH 2 PO 4 in the + P nutrient solution was substituted with 1,000 μM KCl. The control nutrient solutions were the same as those used by Li et al. [31] . Seedlings were positioned in a completely randomized design in a greenhouse, and three batches of seedlings were cultured separately to provide biological replicates.
Measuring the biomass, total phosphorus content, and Pi level
The maize seedlings were transferred to a phosphatedeficiency solution (5 μM KH 2 PO 4 ), cultured for an additional 25 days (to the six-to seven-leaf stage), and washed with distilled water. The shoots and roots were weighed after drying at 80°C to a constant weight. The phosphorus contents of the roots and shoots were determined according to Murphy and Riley [33] . The Pi level in the shoots was determined by measuring the molybdenum complex content, as described by Taussky and Shorr [34] .
Measuring ATP levels
Fresh samples (1 g) from the middle of the fourth leaves were boiled in 5 mL of MgSO 4 for 15 min and centrifuged at 5,000 × g for 15 min at 4°C. The supernatant was stored on ice until analyzed. The maize leaf ATP level was determined using the method described by Fan et al. [35] .
Measuring chlorophyll, sucrose, and starch contents Fresh samples (0.1 g) were extracted in 80 % acetone, and chlorophyll levels were analyzed according to Arnon [36] . The sucrose and starch levels were assayed with resorcinol as previously described [19] .
Determining photosynthetic performance
To characterize photosynthetic performance in the maize plants, a portable photosynthesis system (LI-6400; LI-COR, Inc., Lincoln, NE, USA) was used to detect Pn, ambient carbon dioxide (Co), and Ci levels in the fourth expanded leaf of each sample. The Ls value was then calculated using the following formula: Ls = 1 -Ci/Co. The photon flux density was kept at 800 μmol m -2 s -1 using an internal LED source, the temperature in the leaf chamber was maintained at 25°C, and the relative humidity was 55-60 %. The CO 2 level was approximately 360 μmol CO 2 mol -1 . All of the measurements were carried out between 09:30 am and 11:30 am.
Enzyme activity assays
Fresh samples (1 g) were rapidly collected from the third leaf (from the bottom) of each plant and rapidly ground in 4 mL of buffer (0.1 mM Hepes-NaOH, pH 7.5, 50 mM MgCl 2 , 2 mM EDTA, 2 % polyvinylpyrrolidone, and 1 % β-mercaptoethanol) pre-cooled on ice. The homogenates were centrifuged at 15,000 × g for 20 min at 4°C, and the supernatant was used for the enzyme assays [37] . PPDK was determined by assaying for NADH oxidation in a mixture containing 0.15 M Tris-HCl, 18 μM MgCl 2 , 30 μM dithiothreitol (DTT), 0.45 μM NADH, 3 μM phosphoenolpyruvate, 3 μM AMP, 3 μM sodium pyrophosphate, 6 units of lactic dehydrogenase, and an aliquot of leaf extract. The assays were initiated by adding 3 μM sodium pyrophosphate [37] . For the NADP-ME assay, an aliquot of leaf extract was added to a mixture containing 50 mM Hepes-KOH (pH 8.0), 5 mM DTT, and 0.5 mM NADP. The reaction was initiated by adding MgCl 2 [37] . The mixture for the FBP aldolase assay contained 30 mM Hepes-KOH (pH 7.6), 10 mM FBP, 0.25 mM NADH, and 2-4 units mL -1 of alpha-glycerol-3-phosphate dehydrogenase and triose phosphate isomerase. The reaction was initiated by adding FBP [29] . PGM activity was determined after its reaction with NADP by measuring the change in absorbance at 340 nm. The reaction mixture contained 30 mM Hepes-KOH, 4 mM MgCl 2 , 0.5 mM NADP, and 2-4 units of glucose-6-phosphate dehydrogenase. The reaction was initiated by adding 1.2 mM glucose-1-phosphate [38] . The RuBisCO assay reaction mixture contained 50 mM Hepes-KOH (pH 8.0), 1 mM EDTA2Na, 20 mM MgCl 2 , 25 mM DTT, 10 mM NaHCO 3 , 5 mM ATP, 0.15 mM NADH, 5 mM creatine phosphate, 0.6 mM RuBP, 10 units of phosphocreatine kinase, 10 units of glyceraldehyde-3-phosphate dehydrogenase, and 10 units of phosphoglycerate kinase. RuBisCO activity was determined by monitoring the absorbance change at 340 nm owing to the oxidation of NADH according to the method of Sawada et al. [39] . For the V-ATPase assay, vesicle membranes were isolated by sucrose density gradient ultracentrifugation according to Wang et al. [40] .
Lipid extraction, purification, and analysis
Fresh samples (0.5 g) were ground to a powder in liquid nitrogen and suspended in chloroform and methanol. The lipid was extracted and purified according to Blihg and Dyer [41] The thin-layer chromatography plates were sprayed with 0.01 % Primulin in acetone/water (3:2 v/v) and analyzed under a ultraviolet light (366 nm) to identify the locations of individual lipids. Spots corresponding to the lipid classes were removed and methylated. The lipid contents were determined using gas chromatography with heptadecanoic acid as an internal standard. The relative contents of individual lipids are presented as molar percentages (mol %) [42] .
All physiological experimental data represent the means of three biological replicates ± SD. A significance analysis was performed using Duncan's multiple range tests. All graphs were constructed using Sigma Plot 13.0.
Protein sample preparation and 2-DE mapping
The fourth leaves from maize seedlings exhibiting phosphorus-stress symptoms were collected for protein extraction. Fresh samples (2 g) were ground to a powder in liquid nitrogen and combined with 20 mL of acetone containing 10 % TCA, 10 mM DTT, and 1 mM phenylmethylsulfonyl fluoride (PMSF). The mixture was precipitated at −20°C overnight and then centrifuged at 19,000 × g for 20 min at 4°C. The pellet was carefully washed twice in acetone containing 10 mM DTT and 1 mM PMSF to remove any pigment [43] , and vacuum dried with a vacuum pump. The pellet was then dissolved in 2.5 mL of protein solubilization buffer [7 M urea, 2 M thiourea, 4 % CHAPS, 0.5 % v/v carrier ampholyte (pH 3-10), 10 mM DTT and 1 mM PMSF] for 2.5 h. The insoluble material was removed by centrifugation at 40,000 × g for 25 min. The protein level in the supernatant was measured using the Bradford assay and sub-sampled for 2-DE analysis [44] .
The 2-DE was performed using pH 5-8 IPG strips (Bio-Rad, California, USA). Liquid rehydration buffer containing 1.2 mg of protein (7 M urea, 2 M thiourea, 4 % CHAPS, 1.5 % v/v carrier ampholyte, and 65 mM DTT) was used to hydrate the strips for 13 h using a GE Healthcare III (GE Healthcare, Buckinghamshire, United Kingdom). The voltage procedure was as follows: (1) grade voltage increased to 100 V for 30 min; (2) grade voltage increased to 250 V for 1 h; (3) step voltage increased to 1,000 V for 1 h; (4) step voltage increased to 5,000 V for 3 h; (5) grade voltage increased to 10,000 V for 6 h; and finally (6) step voltage increased to 10,000 V with the focus increased to 100 kVh. After isoelectric focusing, the IPG strips were equilibrated before sodium dodecyl sulfate polyacrylamide gel electrophoresis(SDS-PAGE) according to Yan et al. [45] . The strips were loaded onto 12 % denaturing acrylamide gels and sealed with 0.5 % agarose solution. The electrophoresis was carried out using a PROTEANII Ready Gel System (20 cm × 20 cm; Bio-Rad) at 10 mA gel -1 for 1 h and 25 mA gel -1 for 6 h. The gels were stained with Coomassie brilliant blue according to Katam et al. [46] and scanned using a GS-800 calibrated densitometer (BioRad). The 2-DE experiment was carried out with three replications using independent samples. The images were analyzed using PDQuest software (version 7.2.0; Bio-Rad). After background subtraction and spot detection, the spots were matched and normalized using the total density in the gel image method.
The statistical significances of quantitative data were determined using the Student's t-test (n = 3, P < 0.05) at a 95 % confidence level, and proteins with a 1.5-fold or more change at this confidence level were considered differentially accumulated.
In-gel digestion and MALDI-TOF/MALDI-TOF-TOF MS analysis
Several protein spots were excised from gels and washed twice with distilled water to remove the redundant sodium dodecyl sulfate. The spots were destained in 25 mM NH 4 HCO 3 [dissolved in 50 % acetonitrile (ACN)] and dehydrated in 100 % ACN. The protein spots were reduced, alkylated, and washed thoroughly, as described by Yan et al. [45] . The spots were then digested with 5-8 μL of trypsin (proteome grade trypsin; Sigma). The samples were dissolved in 40 mM ammonium bicarbonate and 9 % ACN at 20 ng mL -1 (pH 8.0) for 30 min at 4°C. The redundant trypsin solutions were removed, and the gel pieces were dipped in 15 μL of 25 mM NH 4 HCO 3 solution (pH 8.0) and incubated at 37°C overnight. The supernatant was then transferred to new centrifuge tubes and the combined with 25 μL of solution containing 67 % ACN and 3.3 % trifluoroacetic acid (TFA). The two supernatant liquids were combined, dried under a vacuum, dissolved in 4-5 μL of 0.1 % TFA, and stored in 0.5-μL aliquots at −80°C. Before analysis, the samples were mixed with 0.6 μL of 10 mg ml -1 w/v cyano-4-hydroxycinnamic acid in 0.1 % TFA/50 % ACN and dried on a metal plate. After air drying, the samples were subjected to MALDI-TOF MS and MALDI-TOF/TOF MS on a Bruker Ultraflex TOF/ TOF controlled by the Flexcontrol 2.4 package using default parameters (Bruker Daltonics, Karlsruhe, Germany).
Protein identification and database searching
After calibration and a monoisotopic peak analysis using GPS Explorer (Applied Biosystems 2006), the monoisotopic peak lists obtained were compared against the National Center for Biotechnology Information database using the MASCOT program (http://www.matrixscience. com), allowing one trypsin cleavage error. Carbamidomethylation of cysteine and oxidation of methionine were recognized as the fixed modifications, and pyro-glutamic acid formation of N-terminal glutamine was the variable modification. To obtain highly accurate identification results, the proteins had to fulfill the following criteria: (1)
